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Successful production of Solution Blow Spun YBCO+Ag complex ceramics
AL Pessoa,MJ Raine,DP Hampshire,D K Namburi,J H Durrell,R Zadorosny
• synthesis of precursor solution with YBCO+Ag applicable to solution blow spinning
• production of fabric-like ceramic from sol-gel route
• shrinkage of samples due to Ag-addition
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ABSTRACT
YBCO fabrics composed of nanowires, produced by solution blow spinning (SBS) are so brittle that
the Lorentz force produced by induced currents can be strong enough to damage them. On the other
hand, it is known that silver addition improves the mechanical and flux pinning properties of ceramic
superconductors. Thus, in this work, we show how we successfully obtained a polymeric precursor
solution containing YBCO+Ag salts, which can be spun by the SBS route to produce ceramic samples.
Yttrium, barium, copper, and silver metal acetates, and polyvinylpyrrolidone (PVP) (in a ratio of 5:1wt
[PVP:acetates]) were dissolved in a solution with 61.5 wt% ofmethanol, 12 wt% of propionic acid, and
26.5 wt% of ammonium hydroxide, together with 6 wt% of PVP in solution. Three different amounts
of silver (10 wt%, 20 wt%, and 30 wt%) were used in YBa2Cu3O7−푥. The TGA characterizationsrevealed a lowering of crystallization and partial melting temperatures by about 30 ◦C. SEM images
show that after burning out the polymer, a fabric composed of nanowires of diameters up to 380 nm is
produced. However, after the sintering process at 925 ◦C for 1 h, the nanowires shrink into a porous-
like sample.
1. Introduction
The main applications of superconductors are based on
devices made by low-temperature materials like NbTi [1]
and Nb3Sn [2]. However, since the discovery of ceramichigh-temperature superconductors (HTS), efforts have been
made to develop materials and devices with properties and
forms specific to each required application. The pros of us-
ing HTS in turbines, generators, motors, magnetic shielding,
andNMR/MRI are the reducedweight, high efficiency, com-
pact size, low noise, high trapped fields, and so on [3, 4].
On the other hand, the cons of using HTS are their high
production cost, high ac-losses, non-homogeneous trapped
field distribution, and high cost and reliability of the cool-
ing systems. Some of these issues, however, can be solved
by producing materials following facile and low-cost routes
and aiming for high values of critical current density 퐽푐 andits homogeneous distribution along the length of the mate-
rials. Additionally, high porous superconductors, such as
those produced by solution-blow spinning (SBS) [5, 6], elec-
trospinning [7, 8], and in foam-like structures [9, 10], could
be used to increase cooling efficiency due to their increased
surface areas.
Particularly in the case of SBS, the samples have a fabric-
like structure formed by network of wires that produces a
thin porous material. However, as can be seen by the data in
Ref. [11] the samples are very fragile; they are pulverized
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during magnetic measurements by the Lorentz force gener-
ated by the induced currents in the wires. Therefore, to study
their superconducting properties in a wide range of fields
and temperatures, it is necessary to improve their mechani-
cal properties.
Research works carried out on bulk (RE)BCO materi-
als, specially in YBa2Cu3O7−푥 (YBCO) system, showed thatboth the the mechanical [12, 13, 14, 15] and superconduct-
ing [15, 16, 17] properties could be significantly improved
through addition of silver. Some of the other benefits of
adding silver is that it does not chemically react with YBCO
[17, 18, 19], it improves pinning sites [20], it modifies weak-
links [21, 22, 23], and it enhances 퐽푐 [18, 24].A variety of silver composites have been added in YBCO
system, such as metallic Ag [18], Ag2O [12], and AgNO3[13, 24]. The samples were usually produced by solid-state
reaction [13, 18, 24], melting-growth-like processes [12],
and by electrochemical routes [25]. In Ref. [26], a sol-gel
chemical route was used to dope the barium site by silver in
the production of YBCO pellets. It is reported that high con-
centrations of silver depreciate the superconducting proper-
ties but in small concentrations, it slightly enhances the crit-
ical temperature 푇푐 and critical current density 퐽푐 . However,as discussed in Ref. [27], there is some controversy as to the
extent to which Ag can be doped into YBCO samples. Also,
to our best knowledge, there is no information about how the
inclusion of silver affects the production process of porous
samples using chemical routes, such as in SBS.
The SBS technique was first reported in Ref. [28]. In
such a technique, polymer solutions are spun by compressed
air from an inner needle up to a collector [28, 29]. Along
the working distance i.e. the space between the needle and
the collector, the solvents have to evaporate, allowing the for-
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Reagents Chemical formula Purity (%) Brand
Yttrium acetate C6H9O6.푥H2O 99.9 Sigma
Barium acetate C4H6BaO4 99 Sigma-Aldrich
Copper acetate C4H6CuO4H2O 99 Sigma-Aldrich
Silver acetate C2H3AgO2 99 Sigma-Aldrich
Poli(vinylpyrrolidone)* (C6H9NO)푛 99.99 Sigma-Aldrich
Propionic acid C3H6O2 99.5 Sigma-Aldrich
Methanol CH3OH 99.8 Vetec
Ammonium hydroxide NH4OH PA Dinamica
*PVP= 1.300.000 gmol−1
Table 1
List of reagents used in the synthesis of precursor solutions.
mation of stretched, thin fibers with diameters of the order of
hundreds of nanometers. Thus, solutions with no water (or
with very low water content) are crucial to this technique to
ensure that the volatility of the solution remains sufficiently
high. Apart from some silver composites being easily dis-
solved in a variety of solvents (including water), the synthe-
sis of a precursor solution with Y, Ba, Cu, and Ag ions is
greatly challenging. Here, we describe a sol-gel-based syn-
thesis method for obtaining fabric-like samples using SBS
and we present structural characterizations showing the in-
fluence of silver content on those properties.
2. Materials and Methods
One-pot-likemethod [30] was used to synthesize the pre-
cursor solution, and the reagents used are shown in Table
1. All salts are heated at 100 ◦C for about 24 h before be-
ing weighed, ensuring that there is no moisture in the salts.
This is particularly important as some of these salts are hy-
drophilic in nature.
2.1. Sol-gel process
TheY, Ba, andCu acetates were stoichiometricallyweighed
in the molar ratio 1:2:3, respectively. The Ag acetate was
weighed in three concentrations namely 10 wt%, 20 wt%,
and 30 wt% with respect to the final mass of ceramic YBCO.
Based on the amount of acetates, PVPwas weighed in the ra-
tio 5:1 (acetates:PVP). The mass of solvent was set to ensure
that the concentration of PVP in solution was 6 wt%. The ac-
etates were placed in a vessel in the specific order Y, Ba, Cu,
and Ag, and then propionic acid (12 wt%), methanol (61.5
wt%), and ammonium hydroxide (26.5 wt%) were added.
After five minutes of stirring, the PVP was added. The fi-
nal precursor solution was magnetically stirred for 24 h, with
the vessel closed hermetically at room temperature (around
28 ◦C). Figure 1(a) shows the stabilized YBCO precursor
solution and in panel (b) a loaded syringe used in the SBS ap-
paratus. The samples studied in the present work are labeled
as YAg0, YAg10, YAg20, and YAg30 with correspondence
to the concentration of Ag in YBCO as 0 wt%, 10 wt%, 20
wt%, and 30 wt%, respectively.
Figure 1: (a) The YAg10 precursor solution. (b) Precursor
solution loaded in a 10ml syringe used in the SBS technique.
2.2. Solution-blow spinning
A 10ml syringe was connected to a 25G (diameter of
0.5mm) needle. The air pressure of the compressed air cylin-
der was adjusted to 1 kPa and the working distance between
the needle and the collector was set to 40 cm. The cylindrical
collector was rotated at 40 rpm and the solution within the
syringe was injected into the compressed gas airflow at a rate
of 3ml h−1. A halogen light was placed above the working
distance to locally heat the ejected polymer jet, evaporating
the solvents prior to the jet’s impact onto the rotating collec-
tor.
2.3. Heat-treatments
The as-collected samplewas firstly heat-treated at 100 ◦C
for 1 h and then at 150 ◦C for another 1 h with a heating rate
of 5 ◦Cmin−1. Some portions of that sample were then used
to obtain SEM images. The polymer decomposition was car-
ried out at 600 ◦C for 3 h ramping the temperature up and
down at a rate of 1 ◦Cmin−1. Some pieces of the sample at
that stage were also used to make SEM analysis. The syn-
thesis was carried out in a tube furnace. The heat-treatment
consisted of increasing the temperature from room temper-
ature to 820 ◦C at 3 ◦Cmin−1 and dwelling for 14 h. Durign
the heating process, flowing O2 was turned on at 500 ◦C.After that dwell period, the temperature was increased at
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Figure 2: TG and DTA of samples YAg0 and YAg10 carried
out after a heat-treatment at 600 ◦C. The YAg10 lost less mass
due to the silver addition. From DTA curves, it is noted that
the silver addition shifted the YBCO crystallization peak from
925 ◦C (YAg0) to 895 ◦C (YAg10). The partial melting peak is
also shifted from 1032 ◦C for YAg0 to 995 ◦C for YAg10. The
peak at 954 ◦C is related with the melting of metallic silver.
1 ◦Cmin−1 to 925 ◦C and this was held for 1 h. Then, also
at 1 ◦Cmin−1, the temperature was decreased to 725 ◦C for
6 h; then at 3 ◦Cmin−1 to 450 ◦C for 24 h. Finally, the O2gas flow was turned off and the temperature was decreased
to room temperature at 3 ◦Cmin−1.
2.4. Characterizations
Thermogravimetric measurements were carried out on
the samplesYAg0 andYAg10 (obtained after a heat-treatment
at 600 ◦C), employing TA Instrument, model SDT-Q600.
Measurements were carried out under flowing compressed
air at a rate of 100mlmin−1 and the temperature was in-
creased from 25 ◦C to 1000 ◦C at a rate of 10 ◦Cmin−1. For
the scanning electron microscopy (SEM) measurements, an
EVO LS15 Zeiss operated at 20 kV was used. For that, the
samples were attached in an aluminum sample holder with
carbon tape, and goldwas sputtered on their surface for 2min
(5 nm average thickness) using a QUORUM Model Q150T
E. The diameter distribution was measured using a randomly
selected set of 100 wires and the free software package Im-
ageJ. The x-ray analysis (XRD) was performed in a Shi-
madzuXDR-6000 diffractometer with CuK훼 radiation (wave-
length: 1.5418Å). The displacement ranged from 2휃 = 5°
to 60° at a scan rate of 1 °min−1 and measuring in steps of
0.02°.
3. Results and Discussions
Thermal analysis was carried out on two samples YAg0
and YAg10, after both were heat treated at 650 ◦C. About
15mg of each sample was used for the measurement and the
data obtained is shown in Figure 2. Both the samples ex-
hibited a similar weight loss, as can be seen from the curves
in Figure 2. The mass lost between 25 ◦C and 700 ◦C (not
𝟐	𝝁𝒎 𝟐	𝝁𝒎(𝒄)
𝟐	𝝁𝒎
(𝒅)
𝟐	𝝁𝒎
(𝒂) (𝒃)
Figure 3: SEM images of samples (a) YAg0, (b) YAg10, (c)
YAg20, and (d) YAg30 after calcination at 600 ◦C. At this
step, all samples have the fabric-like morphology with beads
distributed along their lengths.
shown in Figure 2), was 1.5 %, and can be associated to the
evaporation of water adsorbed in the surface of the samples
from the atmosphere or even some organic groups remain-
ing after the heat-treatment. It is also observed that YAg10
lost about 1.1% less mass than YAg0 due to silver addition.
It is not shown here, but it is worth pointing out that the PVP
degradation occurs between 400 ◦C and 550 ◦C [8, 31, 32].
The DTA curves of YAg0 and YAg10 are quite distinct.
Both samples present an endothermic peak at 828 ◦C which
can be associated with the reaction between Y2Cu2O5 andBaCuO2 forming YBCO [33, 34]. The endothermic peakat 925 ◦C for YAg0 can be associated with the YBCO crys-
tallization, and it was the temperature chosen to be applied
in all samples presented in this study. However, it can be
noted that the YBCO begins to crystallize at about 895 ◦C
for YAg10, which means that the silver addition reduced the
the crystallization temperature by 30 ◦C (or 3%). The peak
at 954 ◦C presented by YAg10 is associated with the melt-
ing of metallic silver [35]. On the other hand, the endother-
mic peak at 1031 ◦C for YAg0 is due to a partial melting of
YBCO and such a peak is shifted to 995 ◦C (or 3.5%) for
YAg10, showing that the silver addition also decreases this
temperature [14, 36, 37].
Based on the thermogravimetric analysis of Figure 2 and
on the literature [5, 8, 31, 32], the samples were firstly heat-
treated at 600 ◦C to ensure the total decomposition of the
PVP. Figure 3 shows SEM images of the produced samples.
All of which present a fabric-like structure with randomly
entangled wires, however, it can be seen that beads are dis-
tributed along those wires. This is probably due to water
from the acid−base reaction in the precursor solution syn-
thesis. Besides that, the wires are long and smooth. Table
2 shows the average diameter (푑푎푣) of the samples. Wires inthe size range 180 nm to 233 nm were found in the samples.
No clear relationship was found between 푑푎푣 and the contentof silver present in the system.
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Sample 푑푎푣 (nm) Deviation (nm)
YAg0 233 77
YAg10 180 68
YAg20 206 76
YAg30 191 63
Table 2
Average diameters of the samples heat-treated at 600표 with
their respective deviations.
(𝒄)
𝟏𝟎	𝝁𝒎
2	𝝁𝒎 2	𝝁𝒎
𝟏𝟎	𝝁𝒎
2	𝝁𝒎 2	𝝁𝒎
𝟏𝟎	𝝁𝒎 𝟏𝟎	𝝁𝒎
(𝒅)
(𝒆) (𝒇)
(𝒃)(𝒂)
1𝟎	𝒎𝒎1𝟎	𝒎𝒎
Figure 4: (a) Image of the YBCO-Ag after heat-treatment
at 600 ◦C, and panel (b) shows the visible shrinkage of the
sample after sintering at 925 ◦C. (c) SEM images of YAg0
sample showing the formation of the wires network structure.
From (d) to (f) are the SEM images of the YAg10, YAg20,
and YAg30, respectively, showing a porous-like structure due
to shrinkage after the sintering process.
After the sintering process at 925 ◦C, the silver samples
shrank, producing a granular porous-like structure. The shrink-
age of the samples is shown in Figure 4 (a) and (b). The scale
bars within those images are an approximation for compar-
ison purposes. Figure 4(c) shows that, while the Ag-free
sampleYAg0maintains its fiber-like structure, theAg−added
samples showed considerable enhancement in density, as shown
in Figure 4 from panels (d) to (f). With the wires closer to
each other, the grains begin to coalesce during the sintering
process and the samples acquire a porous-like morphology.
Some works report that the heat-treatment temperatures can
be reduced with Ag addition in YBCO bulks [14, 36, 37]
due to enhanced heat diffusion. In the case of the present
work, the presence of Ag facilitates improved heat-diffusion
between the ceramic grains, decreasing the sintering temper-
ature of the samples.
Figure 5 shows XRD diffractograms of all the samples
currently studied where it can be seen that the BaCuO2 phaseis present within each of them. Since samples that were pro-
duced using PVP of 360.000 gmol−1 instead of 1300.000 gmol−1
Figure 5: XRD diffractograms of the produced samples. It can
be seen that BaCuO2 is present in all the samples. The main
YBCO peak is at 2휃 = 32.88°, 32.96° 32.92°, and 32.98°, for
YAg0, YAg10, YAg20, and YAg30, respectively. The metallic
silver peaks are those ones at 38.28° and 44.5° for YAg10,
38.22° and 44.4° for YAg20, and 38.3° and 44.48° for YAg30.
contain a pure phase [5], we believe that a longer polymer
chain could influence the ceramic phase formation. Such a
study will be published in future. As the silver content in-
creases, the intensity of the silver peaks (at around 38° and
49°) also increases. The most intense YBCO peak position
shifts with the silver addition, being at 2휃 = 32.88°, 32.96°,
32.92°, and 32.98°, for YAg0, YAg10, YAg20, and YAg30,
respectively. This can indicate that there is some saturation
for silver doping above which metallic silver begins to form
along the sample [27]. The peaks around 2휃 = 38.3° and
44.5° were identified as characteristic of metallic silver, and
their intensity increases with increasing Ag content.
4. Conclusions
In the present work we report the synthesis of YBCO-Ag
nanowires via solution blow spinning SBS techniue. This
approach is based on an acetate chemical route where yt-
trium, barium, copper and silver acetates were dissolved in a
solution with propionic acid (12 wt%), methanol (61.5 wt%),
and ammonium hydroxide (26.5 wt%). The silver was added
in amounts of 10 wt%, 20 wt%, and 30 wt%. Thermogravi-
metric analysis show that the addition of silver decreases
both the YBCO crystallization and the partial melting tem-
peratures by 30 ◦C. Both DTA and XRD characterizations
showed the presence of metallic silver. Another interest-
ing influence of silver in such complex ceramics is the huge
densification of the samples sintered at 925 ◦C for one hour.
SEM images show that the fabric-like morphology of the
samples heat-treated at 600 ◦C is lost with the sintering pro-
cess, for which a porous-like morphology takes place due
to a shrinkage of the ceramic wire network. Thus, the rou-
tine described in this study could be used to produce high
density bulk superconductors for use in applications such as
flywheels, trapped magnets, motors and generators.
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